Delayed hippocampal injury and memory impairments follow neonatal hypoxia-ischemia (HI) despite the use of therapeutic hypothermia (TH). Death of hippocampal pyramidal cells occurs acutely after HI, but characterization of delayed cell death and injury of interneurons (INs) is unknown. We hypothesize that injury of INs after HI is: (i) asynchronous to that of pyramidal cells, (ii) independent of injury severity, and (iii) unresponsive to TH. HI was induced in C57BL6 mice at p10 with unilateral right carotid ligation and 45 min of hypoxia (FiO 2 = 0.08).
, the study of the hippocampus, and area essential in memory processing, is important to identify mechanisms of injury not fully addressed by TH and to design novel adjuvant therapies.
Within the hippocampus, preserved interaction between pyramidal cells and interneurons (INs) is essential for learning and memory formation and for functional recovery after injury (Coghlan et al., 2012; Heckers and Konradi, 2015; Kalueff, 2007; Reichel et al., 2015) .
Although neonatal HI brain injury is often deadly to neurons within the hippocampus, (Johnston, 2005) their susceptibility to acute death appears to be subtype-specific. In-culture, pyramidal cells are more susceptible than INs to early cell death following simulated ischemia (Ramamoorthy and Shi, 2014) . Similarly, in vivo neuronal loss within the hippocampal pyramidal cell layer occurs early after HI in both p7 (pre-term) (Aggarwal, Burnsed, Martin, Northington, & Zhang, 2014; Stone et al., 2008) and p10 (near-term) (Burnsed et al., 2015; Northington et al., 2011) mouse models. This early injury of hippocampal pyramidal cells by HI is followed by atrophy that evolves after the insult (Burnsed et al., 2015; Northington et al., 2011) and is linked to memory impairments unresponsive to TH (Burnsed et al., 2015; Diaz et al., 2017) . Whether the hippocampal atrophy evolving after neonatal HI is the result of delayed death of specific neuron subtypes or impaired maturation of surviving neurons leading to maladjusted connectivity or a combination of these events remains unclear.
Inhibitory synaptic activity requires fully functional INs to preserve working memory and cognition by limiting "intrusive inputs." Biochemical, morphological and functional differences among INs within the hippocampus are vast (Somogyi and Klausberger, 2005) .
Parvalbumin (PV) identifies the greatest proportion of INs whose neuronal bodies are localized within the pyramidal cell layer (axo-axonal, basket, and bi-stratified cells) and calbindin (Calb)1 identifies those INs receiving glutamatergic inputs from the CA3 region (Schaffer collateral associated cell in the CA1 region) and those exclusively innervating INs in the CA1, CA3, and dentate gyrus (DG) (Heckers and Konradi, 2015; Somogyi and Klausberger, 2005) . Thus, INs expressing PV and Calb1 provide a significant proportion of the inhibitory synaptic influence, (Hefft and Jonas, 2005; Karadi et al., 2012; Takesian and Hensch, 2013) and decreased numbers or complexity of those INs correlate with memory impairments in mice (Stevens, Jiang, Schwartz, & Vaccarino, 2012) . We hypothesize that injury of hippocampal INs after HI is: (i) asynchronous to that of pyramidal cells,
(ii) independent of severity of injury, and (iii) unresponsive to TH.
| MATERIALS AND METHODS

| Mice
We used C57BL6 mice of both sexes for the experiments. The 
| Neonatal HI brain injury model and TH
We used the Rice-Vannucci model adapted for neonatal mice to induce HI in C57BL6 mice at postnatal day (p) 10 as previously published (Ditelberg, Sheldon, Epstein, & Ferriero, 1996; Graham et al., 2004) In brief, mice were exposed to anesthesia using inhaled isoflurane (3% for induction and 1% maintenance) and nitrous oxide to perform permanent unilateral right carotid artery ligation and after 1h recovery, mice were exposed to 45 min of hypoxia at FiO 2 = 0.08.
After HI, mice pups were randomized to normothermia (NT, 36 C) or exposure to TH (31 C) for 4 hr as previously described by our group (Burnsed et al., 2015) . Continuous core body temperature monitoring (Ad Instruments, Colorado Springs, CO) was performed in one pup in each treatment group using a tissue implantable thermocouple microprobe placed in the rectum prior to hypoxia and continuing throughout the 4-hr treatments. Sham mice were exposed to inhaled isoflurane and nitrous oxide at p10 for 5 min. Mice pups were returned to the dam after treatment (NT/TH) until they were killed at 24 hr (p11) and 8 days (p18) after HI for mRNA and protein analysis (n = 4-10 pups/time/treatment/sex) or for immunohistochemistry (IHC) (n = 3-9 pups/time/treatment/sex). Mice were killed via exposure to 20% (v/v) mixture of isoflurane in propylene glycol via onedrop exposure method (Markovic and Murasko, 1993) and then decapitated. Right forebrain (containing the hippocampus ipsilateral to carotid ligation) was rapidly microdissected and snap-frozen using isopentane on dry ice for real-time qRT PCR and western blot, while whole brain was perfused with 4% paraformaldehyde (4% PFA) and sectioned for cresyl-violet (CV) staining, TUNEL assay and IHC.
| Exclusion criteria
Hippocampal infarct in this model mostly involves the CA1 and CA3
subfields. If infarct is extensive, it leaves little tissue for accurate evaluation. Therefore, forebrain pieces collected from brains showing obliterated hippocampus during microdissection were not used for biochemical analysis (RT-PCR or western blot). With this criterion we excluded, eight (4 NT and 4 TH) and seven (4 NT and 3 TH) at p11 and p18, respectively. Similarly, sections from perfused brains demonstrating hippocampal infarct involving >1/3 of the hippocampus (assessed by CV staining and GFAP IHC vs. contralateral hemisphere)
were not included in the analysis (CV staining, TUNEL assay, and IHC).
With this criterion, nine (5 NT and 4 TH) and eleven (5 NT and 6 TH)
were excluded at p11 and p18, respectively. Mice developing large hippocampal infarcts were not protected by TH. This adds translatablity to the model, since randomized clinical trial of TH in humans also demonstrated lack of protection on severe cases of HI encephalopathy (Shankaran et al., 2005) .
| Determination of gene expression by real time qRT-PCR
Total RNA was extracted from two combined pieces from anterior and posterior right forebrain from all treatment groups. For NT and TH right forebrain was ipsilateral to carotid ligation, as described above. PureLink™ RNA mini kit purification system (Invitrogen, Carlsbad, CA) was used according to manufacturer specifications. One μg of total RNA was used for generation of complementary DNA (cDNA) using iScript cDNA synthesis kit (BioRad, Hercules, CA). Reverse transcription protocol included 5 min at 25 C; 30 min at 42 C and 5 min at 85 C. cDNA was then used to amplify PV, and Calb1 genes by real time qRT-PCR using 300 nM concentration of specific primers [ Table 1 ( Liu et al., 1996) (Pfaffl, Tichopad, Prgomet, & Neuvians, 2004) as previously reported (Chavez-Valdez, Martin, Flock, & Northington, 2012) . Based on their gene stability, β-actin was selected as the housekeeping gene for calculations. Fold difference in gene expression was then corrected to β-actin using the Pfaffl method (Pfaffl, 2001) . Melting curves confirmed amplification of single PCR products.
2.5 | VGlut1, GAD65/67, PSD95, and Calb1 protein levels
Cytoplasmic and synaptic-enriched fractions were prepared using a piece of forebrain from the same brains used for RNA isolation. A modified Subcellular Protein Fractionation Kit (Thermo Scientific, Rockford, IL, Cat # 87790) protocol was used to obtain these fractions. All buffers were supplied as part of the kit and were supplemented with protease and phosphatase inhibitors prior to use. In brief, 100 mg of forebrain was washed in ice-cold phosphate-buffered saline (PBS, pH 7.2) prior to homogenization in cytoplasmic extraction buffer at 1:10 (w:v) using a tissue grinder. Homogenized tissue was transferred to a tissue strainer and centrifuged at 500 g for 5 min.
Supernatant (cytoplasmic fraction) was collected and used for Calb1
immunoblotting. Pellet was sequentially re-suspended in ice cold Membrane and Nuclear Extraction Buffers at 1:6.5 and 1:2.25 (w:v), respectively. Supernatants (membrane and nuclear fractions) were stored at −80 C for testing. The final pellet was resuspended using the Pellet Extraction Buffer at 1:1.25 (w:v) containing protease and phosphatase inhibitors and confirmed to be synaptic-enriched fraction following testing of all fractions with synaptic markers (data not shown). Twenty percent (w/v) glycerol was added to the fractions for cryoprotection and protein concentrations were determined using the Bradford assay (Bradford, 1976 (Northington, Koehler, Traystman, & Martin, 1996) . Floating IHC was performed as previously described (Northington et al., 1996) with whole rabbit antisera anti-PV (ABcam plc, Cambridge, MA; 1:250), anti-Calb1 (Cell Signaling Technology, Inc, Beverly MA; 1:250), anti-GFAP (DAKO/Agilent Technologies, Santa Clara, CA; 1:1,000), or anti-GAD65/67 (ABcam PLC; 1:500) followed by goat anti-rabbit antibody
(1:200) used as the secondary antibody and DAB as the chromagen (Northington et al., 1996) . CV counterstaining was performed in those sections previously immunostained for PV to better assess the nuclear morphology of pyramidal cells surrounding PV + INs.
2.7 | Single and double labeled IF-IHC for PSD95, α-tubulin, PV, TNF-α, and GFAP Similar procedures to process the tissue were followed as described for standard IHC. In addition, 50-μm sections were washed in TBS (pH 7.2) for 10 min prior to antigen retrieval with sodium citrate buffer (pH 6.0) incubated for 30 min at 80 C. Tissues were permeabilized using 0.2% Triton X in TBS for 15 min at RT, blocked using 4% 
| For immunohistochemistry in floating sections
HRP-DAB based GAD65/67 (Ab11070): details as described above for western blotting (2 μg mL −1 ). GFAP (DAKO Z0334; RRID: AB_10013382): Rabbit polyclonal antibody raised against GFAP isolated from cow spinal cord with no reported cross reactivity (1 μg mL −1 ). PV (Ab11427; RRID: AB_298032): Rabbit polyclonal antibody raised against a full length purified native protein corresponding to rat PV from skeletal muscle and tested using cerebellar Purkinje Cells as positive control in every slide (4 μg mL −1 ). Calb1 (CS13176): details as described above for western blotting. Similar to PV IHC, cerebellar Purkinje Cells were used as internal positive controls for IHC (4 μg mL −1 ).
Immunofluorescence-based ). α-tubulin (ab89984; AB_10672056): Chicken polyclonal antibody raised against a synthetic peptide conjugated to KLH derived from within residues 1-100 of Human α-tubulin (4 μg mL −1 ). PV (Ab11427), details as described above for DAB-based IHC (1 μg
). GFAP (Novus NBP1-05198; RRID: AB_1556315) Chicken polyclonal antibody raised against purified GFAP from bovine spinal cord (0.75 μg mL −1 ). TNF-α (CS11948; AB_2687962): Rabbit monoclonal antibody which recognized endogenous levels of total TNF-α protein and produced using recombinant protein (4 μg mL
). 
| Quantification of PV + INs
| TUNEL assay
Fifty micrometer coronal brain sections containing anterior, middle, and posterior hippocampus were used in the assay. All buffers and protocols were supplied by the manufacturer as part of the colorimetric TUNEL system kit (Promega, Madison, WI). Tissues were washed in 0.85% NaCl for 5 min followed by immersion in PBS for 5 min, additional fixation in 4% PFA for 15min and permeabilization using a 20 μg mL −1 solution of proteinase K for 35 min. After further fixation with 4% PFA and wash in PBS, the reaction mix containing a biotinylated nucleotide mix, recombinant terminal deoxynucleotidyl transferase (rTdT) enzyme was applied for 60 min at 37 C. After washing with double strength saline sodium citrate (2X SSC) followed by PBS, sections were blocked with 0.3% hydrogen peroxide, exposed to
Streptavidin HRP and stained with DAB. Tissues were counterstained with CV. DNAase I treated sham hippocampal slices were used as positive controls in every experiment. DNAase I (Promega Corp.) was prepared in 4 mM Tri-HCl (pH 7.9), 1 mM NaCl, 0.6 mM MgCl 2 , and 1 mM CaCl 2 to produce a 10 U mL −1 solution, and was applied for 5 min to tissue sections. Reaction mixture lacking biotinylated nucleotide mix or rTdT, were used as negative controls for the TUNEL reaction.
| Assessing hippocampal and CA1 atrophy following HI
A separate subset of p18 anterior coronal hippocampal sections from sham and HI injured mice were stained using CV following standard methods. These sections were adjacent to those used for GFAP and PV IHC. All sections used to measure the hippocampus were assessed for symmetry between the right and left hemispheres. Assessment of plane symmetry of coronal sections was based on the evaluation of the shape and localization of several structures within the midbrain, including the cerebral peduncle, the fasciculus retroflexus, and the dorsal lateral geniculate nucleus, as well as the evaluation of the striatum laterally. An ocular filar micrometer inserted in the eyepiece of the light microscope was used to measure in the ipsilateral anterior hippocampus the: (i) length from the third to the lateral ventricle,
(ii) height medially from the alveus to the limit with the thalamus, and (iii) the height of the CA1 pyramidal cell layer between the oriens and radiatum layers. A hippocampal rhomboid area was calculated using the height (h) and length (l) of the hippocampus (0.5 × h × l).
| GFAP-derived scoring
A semiquantitative GFAP-derived scoring system was developed to grade astrogliosis as a surrogate for hippocampal injury at p18 (Chalak et al., 2014; Cikriklar, Ekici, Ozbek, Cosan, Baydemir, & Yurumez, 2013; Danzer et al., 2011) for the purpose of evaluating correlation between injury and PV + IN counts ( Table 2 ). The GFAP-derived scoring system quantifies the dispersion IR within the hippocampus and the morphological changes characteristic of astrogliosis (Pekny and Nilsson, 2005; Sofroniew and Vinters, 2010) . Evaluation was performed in the CA1, CA3, and DG regions in sections containing anterior, middle and posterior hippocampus. The worse score among the three hippocampal sections determined the grade of injury for the specific hippocampal region. The cumulative score was the sum of the scores for each of the three regions. Scoring was based on the abundance of GFAP staining and glial scars evident at low magnification (4×), astrocyte body size, and number and thickness of their branching, as well as presence of overlap between astrocytic domains at higher magnification (20×) (Sofroniew and Vinters, 2010) . GFAP score varied between 1 and 7 and the cumulative score varied from 3 to 21. 3.2 | Neonatal HI induces early decrease in forebrain Vglut1 followed by delayed decrease in GAD65/67
| Statistics
Although 20% of mice developed a large hippocampal ischemic infarct in response to HI as described in "methods" (data not shown), most developed focal or segmental injury within the pyramidal cell layer with various cell death phenotypes typically within the CA1
and CA3 regions at 24 hr (p11) after neonatal HI ( Figure 2a 
| Number of PV + INs did not correlate with severity of gliosis or degree of hippocampal atrophy
GFAP expression increased between p11 and p18 and was more often documented in the lacunosum moleculare layer extending towards the pyramidal cell layer with some sparing of the radiatum and 6 at p18; n (females) = 3 at p11 and 4 at p18), NT (black boxes; n (males) = 5 at p11 and 9 at p18; n (females) = 3 at p11 and 5 at p18), and TH (grey boxes; n (males) = 5 at p11 and 9 at p18; n (females) = 5 at p11 and 5 at p18) treated mice at p11 and p18. Data represented using box and whisker plots to show the PV + INs/mm 2 counts in whole hippocampus (HIP), and in CA1, CA3, and DG regions in separate at p11 and p18. Boxes Hippocampal injury progresses for many days after neonatal HI in the mouse (Northington et al., 2011; Northington, Ferriero, Graham, Traystman, & Martin, 2001; Stone et al., 2008) . Published work points towards acute injury of pyramidal cells with classical petechial and laminar injury within the pyramidal cell layer evident by 24 hr after HI, (Aggarwal et al., 2014) which temporally matches the decrease in VGlut1 shown here. These acute events are partially prevented by TH, as we have shown here and elsewhere (Burnsed et al., 2015) . In contrast, GAD 65/67 expression does not decrease at 24 hr after HI in the CA1 and CA3 regions of mice treated with NT, but it does at 8 days after HI. Because GAD 65/67 is an indicator of INs capable to to near anoxia (FiO 2 0.01) and in juvenile rats (p21) exposed to ischemia using a middle cerebral artery occlusion model (Ramamoorthy and Shi, 2014) . The timing of GABAergic deficits after neonatal HI and the effect of TH have not been previously reported. The persistence of the GABAergic deficits beyond p18 has not been explored, but since the pattern of GABA and GAD expression and the development of GABAergic synapses in rodents at p18 are near to those documented in the adult rodent brain, (Del Rio, Soriano, & Ferrer, 1992; Huang et al., 1999; Luhmann and Prince, 1991 ) the delayed GABAergic deficits observed 8 days after HI are likely to carry out to adulthood (Benes and Berretta, 2001 ).
Interneurons mature biochemically and morphologically during (Lucas, Jegarl, & Clem, 2014) and are not ameliorated by TH in the same model used in the present experiments (Diaz et al., 2017) . However, the protection of the male PV + INs within the CA1 region by TH 8 days after HI was not homogenous throughout the whole hippocampus, with greater protection in the posterior hippocampus than in the anterior hippocampus. Long-axis specialization studies suggest a functional dichotomy between the anterior and posterior hippocampus (Duarte, Castelhano, Sales, & Castelo-Branco, 2016; Duarte, Ferreira, Marques, & Castelo-Branco, 2014; Lepore et al., 2009; Maguire et al., 2000) . While anterior hippocampus is involved in encoding and spatial learning; the posterior hippocampus is involved in memory retrieval and spatial navigation. Because spatial memory deficits inversely correlate with the number of hippocampal INs expressing PV (Stevens et al., 2012) , our previously reported behavioral findings suggesting that encoding is impaired despite treatment with TH (Diaz et al., 2017) , match the lack of protection of the PV + INs in the anterior hippocampus in both sexes. However, isolation of specific aspects of memory retrieval (Vorhees and Williams, 2014) and thus, the study the sexual dimorphism in the posterior hippocampus requires more specific animal testing.
It is reasonable to assume that the severity of hippocampal injury may predict the degree of deficit of PV + and Calb1 + INs by 8 days after neonatal HI, with these late deficits simply being a late manifestation of the earlier insult to pyramidal cells and the loss of glutamatergic input. However, in humans, memory impairment does not appear to follow the severity of HIE or injury since no differences in memory outcomes at school age between HIE survivors treated or nontreated with TH have been reported despite protection of motor domains (Azzopardi et al., 2014) . In the murine model of neonatal HI and TH, we have shown a similar profile of protection (Burnsed et al., 2015; Diaz et al., 2017) and thus, we hypothesized for our experiments that the changes in INs may not be dependent of the severity of hippocampal injury. Hence, two aspects of hippocampal injury were assessed 8 days after neonatal HI in this study; first, the severity of hippocampal and CA1 atrophy; and second, the degree of astrogliosis as measured by a GFAP-derived grading system. The validity of GFAP IR as a delayed surrogate of CNS injury is based on a connection between type and severity of CNS injury and a continuum of changes resulting in long-lasting astrocytic disruption (Sofroniew and Vinters, 2010) . The strong correlation between the severity of hippocampal and CA1 atrophy and the degree of astrogliosis 8 days after HI, further validate the usefulness of the proposed scoring system in the evaluation of severity of hippocampal injury at delayed times. (Bregestovski and Bernard, 2012) , we speculate that GABAergic deficits at p18 would result in long lasting inhibitory impairments. We also acknowledge that our experiments only assess the effects of neonatal HI and TH in a subset of mice not showing large hippocampal infarct, but since the experimental model has a much higher rate of hippocampal infarcts compare to that observed in human newborns after HIE, we believe that our methods strengthen the translatability of our results. Lastly, the translatability of the sexually dimorphic responses to HI and TH from the mouse to the human still requires extensive work. Although there is a growing body of evidence in rodent models (Burnsed et al., 2015; Chavez-Valdez et al., 2014; Diaz et al., 2017; Sanches, Arteni, Nicola, Aristimunha, & Netto, 2015; Shimizu et al., 2016; Waddell, Hanscom, Shalon Edwards, McKenna, & McCarthy, 2016) , and precooling data from humans (Cohen and Stonestreet, 2014; Smith, Alexander, Rosenkrantz, Sadek, & Fitch, 2014) suggesting sexual dimorphism in response to HI, randomized clinical trials for TH has been underpowered to assess sex differences in response.
Susceptibility to acute death is neuronal subtype-specific in the 
